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Over time we have come to appreci-
ate that the complex regulation of
Rho GTPases involves additional mech-
anisms beyond the activating role of
RhoGEFs, the inactivating function of
RhoGAPs and the sequestering activity of
RhoGDIs. One class of regulatory mech-
anisms includes direct modifications
of Rho proteins such as isoprenylation,
phosphorylation and SUMOylation. Rho
GTPases can also regulate each other by
means of crosstalk signaling, which is
again mostly mediated by GEFs, GAPs
and GDIs. More complex mutual regula-
tion ensues when and where two or more
Rho proteins activate a common molecu-
lar target, i.e., share a common effector.
We have recently unraveled a recipro-
cal mechanism wherein spatiotemporal
dynamics of Racl activity during migra-
tion of Dictyostelium cells is apparently
regulated by antagonizing interactions
of Racl-GTP with two distinct effec-
tors. By monitoring specific fluorescent
probes, activated Racl is simultaneously
present at the leading edge, where it par-
ticipates in Scar/WAVE-mediated actin
polymerization, and at the trailing edge,
where it induces formation of a DGAP1/
cortexillin  actin-bundling  complex.
Strikingly, in addition to their opposed
localization, the two populations of acti-
vated Racl also display opposite kinetics
of recruitment to the plasma membrane
upon stimulation by chemoattractants.
These findings with respect to Racl in
Dictyostelium suggest a novel principle
for regulation of Rho GTPase activity
that might also play a role in other cell
types and for other Rho family members.

Eukaryotic cells must establish, main-
tain and alter their polarity in order to
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efficiently migrate and orient themselves
in response to external clues. Slowly mov-
ing cells such as fibroblasts and endothe-
lial cells in culture steer predominantly by
gradually changing the direction of exten-
sion of their leading edge, and it takes
tens of minutes for a cell’s path to deflect
significantly."? Rapidly moving cells such
as neutrophils and Dictyostelium amoebas,
on the other hand, can completely reverse
direction of movement within a minute
or less.”* Moreover, the manner in which
such fastemoving cells maneuver is often
quite different from their slower coun-
terparts. These cells can turn by shutting
down protrusion of the current pseudo-
podium and initiate extension of a new
one at another position.® As an extreme
example of this behavior, a Dictyostelium
cell can convert its leading edge into its
trailing end, and vice versa, within only
40 sec (Fig. 1).

The small GTPases of the Rho fam-
ily represent a group of signaling proteins
that are responsible for the regulation
and coordination of numerous cellular
activities driven by the actin cytoskel-
eton.” Early on it was recognized that
prominent members of the Rho family
have the capacity to trigger formation of
major structures composed of filamentous
actin, including stress fibers, lamellipodia
and filopodia.”® Since then, Rho GTPases
have been shown to be essential transduc-
ers in several receptor-mediated signaling
pathways, and their downstream effectors,
which influence remodeling of the actin
cytoskeleton, have been identified.”'° For a
comprehensive overview of Rho GTPases-
mediated signaling pathways we refer the
reader to a number of excellent reviews.”*?
Herein, we present a few selected examples
of Rho effectors in mammalian cells that
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direction of cell movement.

Figure 1. Dictyostelium amoebas accomplish the fastest re-polarization among eukaryotic cells.
Whereas, for instance, fibroblasts typically need tens of minutes to sidetrack significantly (A), a
Dictyostelium cell can turn “frontside back” within less than a minute (B). Cytoskeletal front and
back domains are shown in yellow and red, respectively. Note that posterized pictures of cells
are not to scale: fibroblasts are on average five times larger than amoebas. White arrows indicate

either bind directly to actin, or constitute
an intermediate layer in signaling cascades
that regulate cellular functions driven by
the actin cytoskeleton.

Rho

switches regulating formation of cellular
14

GTPases are key molecular
protrusions. Coordinated polymeriza-
tion and depolymerization of actin are
both important for continuous treadmill-
ing of the crosslinked F-actin network
in a lamellipodium.”!® Rac and Cdc42
regulate F-actin polymerization in lamel-
lipodia by activating the Arp2/3 complex,
a process mediated through Scar/WAVE
and WASP scaffolding protein complexes,
respectively.”” Similarly, indirect inacti-
vation of the actin-depolymerizing pro-
tein cofilin is effected by Rac through
the PAK/Lim-kinase pathway.'”® Cdc42
binds to and activates Diaphanous-related
formins (Drfs), which are responsible for
polymerization of linear actin filaments
in filopodia and lamellipodia.”* IQGAP
proteins constitute another class of Rac
and Cdc42 effectors that bind directly to
F-actin, but their multiple functional roles
are not yet fully understood.?' Formation
of actin-myosin II filaments has been sug-
gested to determine the rigidity of the
lateral and posterior cellular cortex, and
to contribute to retraction of the tail dur-
ing cell migration. Despite evidence for
its interaction with Drfs,** the main role
of Rho appears to be the regulation of
actin-myosin II assembly. RhoA activates
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ROCK and thereby induces phosphoryla-
tion of myosin light chain (MLC), which
promotes the assembly of actin-myosin 11
filaments.?

Besides relaying
extracellular signals to the actin cytoskel-

intracellular and

eton, Rho GTPases can also regulate each
other by crosstalk signaling. Three modes
by which these proteins can indirectly
interact have been proposed: (1) mutual
regulation of activity mediated largely by
GEFs or GAPs; (2) regulation of expres-
sion and stability mediated by RhoGDI
proteins; and (3) regulation of the same
downstream pathway through a common
effector.”* An example of another signal-
ing strategy is encountered during vulval
development in Caenorhabditis elegans,
where the small GTPase Ras switches
effectors in a temporal sequence, from
Raf to RalGEF, to promote divergent and
mutually antagonistic cell fates.”® In this
commentary, we propose a related mecha-
nism in Dictyostelium discoideum, wherein
the activity of Racl is spatially regulated
by antagonizing interactions of Racl-GTP
with two distinct effectors.

Spatially coordinated activation of dif-
ferent Rho GTPases is critical for polar-
ization of migrating mammalian cells.
According to the classical view, protru-
sion of a lamellipodium driven by actin
polymerization is induced by activated
Rac and Cdc42 at the front of a mov-
ing cell, whereas activated Rho regulates
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myosin-based retraction and detach-
ment from the substratum at the rear.”® A
model has been proposed for the spatial
segregation of these signals into antago-
nistic anterior and posterior signaling
cascades organized by Rac/Cdc42 and
Rho, respectively, which negatively regu-
late each other.?® Mutual negative regu-
lation of Rho and Rac/Cdc42, mediated
by respective GEF proteins, has also been

models.?”?8

postulated in theoretical
Simulations based on these models result
in a stable spatial distribution of Rho pro-
teins, which resembles their experimen-
tally determined polarized localization.
Exclusive segregation of Rac and Rho into
anterior and posterior domains has been
challenged experimentally by the use of
a FRET-based biosensor for Rac activity
in neutrophils, where contrary to expec-
tations, activated Rac was detected in
the retracting tails of migrating cells.”
Consistently, Racl was shown to pro-
mote RhoA-stimulated, myosin II-driven
retraction of the trailing cell end.?*3' On
the other hand, it has been suggested that
Rho activity is also present at the tip region
of the lamellipodium in mouse cultured
embryonic fibroblasts.** Quasi-periodical
protrusions of the leading edge segments
have been associated with RhoA activity,
and a pacemaker cycle has been postulated
that additionally involves protein kinase A
and RhoGDI.*

Correlated fluctuations of lamellipo-
dial segments in large cells occur on a
spatial scale of ten microns and a tempo-
ral scale of a minute.**¥ Shape fluctua-
tions of Dictyostelium cells typically occur
on similar spatial and temporal scales
during random motility.® Therefore, it
appears reasonable that, analogous to
the situation in mammalian cells, spa-
tiotemporal dynamics of Rho GTPase
activity also correlates with, and possibly
controls, dynamic cell morphology in
Dictyostelium. In order to test this hypoth-
esis, it is necessary to monitor dynamics
of activated Rho GTPases in living amoe-
bas. The Dictyostelium genome, however,
lacks canonical Rho and Cdc42 family
members but instead encodes 18 different
Rac proteins.** We, therefore, decided to
use fluorescent probes that interact with
activated forms of 3 Racl isoforms in
Dictyostelium (Racl A, RaclB and RaclC),
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which share an identical effector domain
with human Racl. We used 2 such probes:
a GTPase-binding domain from rat Pakl
kinase fused to a yellow fluorescent protein
(GBD-YFP), and a Racl-GTP-binding
protein DGAP1 fused to a red fluorescent
protein (mRFP-DGAPI). Interestingly,
we found that the two Racl effectors were
enriched at the opposite regions in the cor-
tex of randomly migrating Dictyostelium
cells.”

It is perhaps not that surprising that
the two Racl effectors localize to differ-
ent cortical regions in migrating cells.
Activated Racl proteins interact with
numerous proteins implicated in the regu-
lation of actin dynamics and at least a half
dozen have been detected in Dictyostelium
so far: muldple IQGAP-related pro-
teins, e.g., DGAP1% and GAPA,” Scar/
WAVE,* formins,” various PAK-related
kinases® and WASP.#' It is remarkable,
however, that the zones of GBD and
DGAP1 localization are mutually exclu-
sive, and that the dynamics of their local
appearance and disappearance are exactly
opposite to each other (Fig. 2A). Whereas
such intricate spatiotemporal dynamics
can be monitored in non-stimulated, ran-
domly migrating cells, a simplified, uni-
form response along the cell membrane is
induced in chemoattractant pulse experi-
ments. When cAMP or folic acid are
applied to competent Dictyostelium cells,
the GBD probe is recruited to the plasma
membrane (Fig. 2B). At the same time
and with highly similar dynamics, the
DGAPI probe is released from the mem-
brane into the cytoplasm (Fig. 2B). These
responses are transient and last approxi-
mately 30 sec, a time interval which is
comparable to the persistence time of a
leading pseudopodium during random
migration in Dictyostelium.®

When actin polymerization does not
occur, either during spontaneous non-
motile intervals or when it is inhibited
by polymerization-blocking agents, the
cell cortex remains labeled only with the
DGAP1 probe.” Thus, it appears that the
major fraction of active Racl is bound
in a quaternary cortical complex that
encompasses DGAP1, Racl-GTP and
the heterodimeric actin-bundling proteins
cortexillin T and IL*> In order to initi-
ate local protrusion of a pseudopodium,
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Figure 2. Time scales of spontaneous and induced redistributions of GBD and DGAP1 probes are
comparable. (A) A sequence showing spontaneous re-polarization of a randomly migrating cell
labeled with GBD-YFP (yellow) and mRFP-DGAP1 (red). Interval between frames, 10 sec; scale bar,
10 wm. (B) Response of the cortical localization of the two probes, GBD-YFP (yellow) and mRFP-
DGAP1 (red), to a uniform pulse of chemoattractant. Fifty micromolars of folic acid has been
applied to the cell sample at the time-point indicated by the double arrow. The cortical contrast
represents the ratio between the average fluorescence intensity of a probe in the cell cortex vs. its
average intensity in the cytoplasm. Interval between measurement points: 3.25 sec.

Arp2/3-mediated nucleation of branched
actin filaments has to be triggered. This
process is known to be activated by the
pentameric Scar/ WAVE complex, which
resides in its passive, autoinhibited con-
formation until inhibition is released by
binding to active Racl and acidic phos-
pholipids.®® Our results show that a local
release of DGAPI from the plasma mem-
brane, suggesting disassembly of the qua-
ternary complex, occurs concomitantly
with recruitment of the GBD probe to the
membrane, which indicates the presence
of free Racl-GTP. These results there-
fore suggest that the release of active Racl
from DGAP1/cortexillin, which makes
it available for binding to Scar/WAVE,
is a prerequisite for initiation of Arp2/3-
mediated actin assembly.

Interestingly, the scheme in which
Racl interacts with two separate effectors
at the front and at the back, which nega-
tively regulate each other, sheds new light
on results obtained more than a decade
ago in a study using DGAPI-null and
DGAPI-overexpressing cells.’* DGAPI1-
overexpressing cells were found to have a
decreased F-actin to G-actin ratio, gen-
erate fewer actin-based protrusions, and
migrate at a slower speed when compared
with control.*® These findings are con-
sistent with the notion that more Racl
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is bound to excessive DGAPI protein
in these cells and therefore not available
to promote polymerization of actin and
associated motility. On the other hand,
DGAPI-null cells have the opposite phe-
notype: they contain more F-actin, make
more protrusions, and move significantly
faster.’® It therefore appears that in the
absence of DGAP1 more free Racl is
available to drive actin-based motility.
These mutant studies thus suggest that
an appropriate balance of Racl effectors
strongly affects the regulation of actin-
based motility in Diczyostelium cells.
Actin treadmilling in the lamellipo-
dium is a process characterized by the
rapid turnover of its structural and regu-
latory elements. It has been estimated
that, in Dictyostelium, individual actin
filaments can grow at a rate of over 1,000
subunits per second.* Consequently, reg-
ulatory molecules that control different
phases of this process, including Racl-
activated formins and the Scar/WAVE
complex, have to be turned on and off at
a relatively high rate, probably by binding
and releasing Racl-GTP. It is therefore
tempting to speculate that individual acti-
vated Racl molecules are recycled at a high
rate at the leading edge and hence repeat-
edly detected by the GBD probe. The
DGAP1/cortexillin complex has a strong
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Figure 3. A dual role model for Rac1 in migrating Dictyostelium cells. (A) The basic circuit of an
excitable network: activator A activates an effector E, which in turn inhibits A. Auto-activating ac-
tivity of A is also usually incorporated in the model. (B) A modified version of the model wherein
Rac1-GTP plays the role of an activator A that activates two effectors: the DGAP1/cortexillin com-
plex E and the Scar/Wave complex F, which in turn mutually inhibit each other. (C) A schematic
representation of regulation and dynamics of Rac1 in a polarized cell. Exchange between the
activated form in the membrane and inactivated form in the cytoplasm is governed by the GEF-
GAP-GDI-mediated mechanism in both anterior and posterior compartments. Additionally, the
two major Rac1 effectors, DGAP1/cortexillin and Scar/WAVE, compete for a common pool of active
Rac1 and thereby effectively act as mutual inhibitors.

influence on the viscoelastic properties
of the cell cortex, harbors multiple actin-
binding sites and participates in bundling
of actin filaments at the lateral sides and
the back of a cell.®®% This complex
probably has a comparably slow disassem-
bly rate and therefore effectively acts as a
buffer for activated Racl in these cortical
sites.’® Locally induced disassembly of the
DGAP1/cortexillin - complex accompa-
nied by the release of Racl, analogous to
its induced release in the chemoattractant
pulse experiments, may serve as a trigger
for initiation of a new pseudopodium.
This process would soften the cortical
actin layer by disrupting the crosslinked
network of actin filaments beneath the
plasma membrane, and simultaneously
trigger formation of actin filaments orien-
tated approximately perpendicular to the
membrane, which is induced by the Racl-
Scar/WAVE-Arp2/3 pathway.”

Based on recent experimental obser-
vations and modeling, it has become
increasingly evident that the amoeboid
motility of Dictyostelium and similar cells
is controlled by an excitable network that
encompasses components of the actin
cytoskeleton and associated signaling
pathways.’® The basic conceptual element
of the proposed scheme consists of a dou-
ble feedback loop between signaling mol-
ecules that act as activators and inhibitors

of cell motility (Fig. 3A). Despite the fact
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that the molecular identity of the primary
activator and inhibitor and their interac-
tions have not been fully established in
Dictyostelium, it has been assumed that
the final “readout” of the networks’ activ-
ity is the local polymerization of actin.”
Furthermore, it has become increasingly
clear that not only one, but multiple
feedback loops are involved in this excit-
able regulatory mechanism, involving
global and local, as well as activating and
inhibitory interactions.”® One such loop
regulates the balance between impor-
tant signaling phospholipids, phospha-
tidylinositol [4,5] bis-phosphate (PIP2)
and phosphatidylinositol [3,4,5] tris-
phosphate (PIP3), that are interconverted
by PI3K kinase and PTEN phosphatase.”
The zones labeled with PIP3 and PTEN
probes are mutually exclusive and together
they cover the entire surface of the plasma
membrane in Dictyostelium cells’' It has
been proposed that PIP3 and PTEN con-
stitute an autonomous oscillatory system
based on their mutual cross-inhibition.>
This model belongs to a class of mass-con-
served reaction-diffusion models where
negative regulation of a component in a
reaction system can be traced back to its
limited supply.”

We propose that the regulation of spa-
tiotemporal dynamics of Racl activity is
governed by asimilar mechanism (Fig. 3B).
However, instead of two enzymes that
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conversely influence the local concentra-
tion of PIP3, the central role is assumed
by a pair of effectors, DGAP1/cortexil-
lin and Scar/WAVE complex, that com-
pete for a common pool of active Racl
(Fig. 3C). Under conditions where the
total amount of active Racl in a cell is
limited, and can be adjusted e.g., by the
basic GEF-GAP-GDI regulatory mecha-
nism, the mutual inhibition of the two
effectors is automatically warranted. This
condition is fulfilled in mammalian cells
where less than 10% of the major cellular
Rho GTPases, including Racl, are located
at the membrane in their GTP-bound
state, while the majority is sequestered in a
GDI-bound form in the cytoplasm.** It
remains to be seen whether other interac-
tions between the two effector complexes
in Dictyostelium contribute to the overall
feedback network.

In conclusion, we have obtained evi-
dence through the use of specific fluores-
cently labeled probes that activated Racl
GTPasesare involved in regulation of actin
cytoskeleton dynamics both at the front
and the back of migrating Dictyostelium
cells. Due to its dual role, Racl might be
one of the key signaling proteins that reg-
ulate the sustained morphological oscil-
lations typical for randomly migrating
Dictyostelium cells.® Based on these find-
ings we hypothesize that Racl effectors
can downregulate each other by compet-
ing for a limited pool of active Racl. It is
therefore tempting to speculate that simi-
lar mechanisms may play a general role in
mutual regulation of signaling pathways
downstream of Rho GTPases in various
actin-based processes.
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